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Abstract 
Utilisation of supplementary cementitious materials (SCM) has been found as a suitable alternative 
to reduce CO2 emissions from cement production. Fly ash (FA) is the most well-known of these 
materials and has been used for decades in cement applications. Amongst these applications, the 
most significant is the replacement of clinker in cement blends, which reduces the consumption of 
resources and energy and at the same time, avoids the environmental burden associated with 
clinker production. Despite the existence of these opportunities, a large fraction of the FA produced 
worldwide is still unused and disposed as waste or stored in landfills. This occurs mostly because FA 
is unable to meet the quality requirements for replacing clinker in cement blends. Upgrading of FA to 
a suitable material that can effectively replace clinker is possible via upgrading processes (UP). These 
processes carry their own environmental impacts because in most of the cases, thermal and electric 
energy are used in them. Due to this fact, the use and implementation of upgraded fly ash involves 
additional environmental impacts to the life-cycle of the product. The most relevant of these 
impacts during the upgrading stage, is the generation of additional direct and indirect CO2 emissions 
from energy consumption. From a life-cycle perspective, the generation of these additional CO2 
emissions decreases the net abatement achieved by using fly ash as a SCM. Therefore, it is necessary 
to account these emissions and calculate the net abatement achieved by replacing clinker and fossil 
fuel consumption. 
A system dynamics model is presented by simulating five different cement life-cycle scenarios in 
order to quantify the net CO2 reductions when using upgrading processes of fly ash. Ultra-fine 
grinding for the mechanical activation of FA is the UP modelled using published and direct data from 
the equipment manufacturer. A material flow analysis (MFA) was carried out to describe the 
scenarios and to simplify the life-cycle approach. It was found that the upgrading process modelled 
can have maximum value of 3.98 GJ/tonne of fly ash and still be able to produce net reductions. The 
same model also estimated that an 80% of the total reductions are avoided when ultra-fine grinding 
consumes 0.75 GJ/tonneFA of energy, compared to emissions from the baseline cement. The model 
is also complemented by reviewing the current use of FA as a SCM in the cement industry and by 
presenting a holistic systems thinking analysis. The model can also be further expanded to simulate 
other life-cycle scenarios which can include multiple upgrading processes and other materials. 
1. Introduction 
Worldwide demand of cement and concrete has increased exponentially in the last twenty years and 
is a result of the combination of strong ongoing global trends like the accelerated growth of 
population, the increased need for buildings and infrastructure and the growth of urban populations 
relative to rural ones (Ahmaruzzaman, 2010, Gibbs, 2001, Hasanbeigi et al., 2012). Parallel to these 
trends, developing countries and transition economies have also considerably increased their 
capability of building new cities and urban settlements, demanding large amounts of construction 
materials to be continuously available in many places around the world (Dhir, 2006, Foner et al., 
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1999). This demand has been fulfilled by the expansion of established manufacturing facilities and 
the creation of new plants, consequently increasing the extraction of natural resources, the 
consumption of fossil fuels and the environmental impacts. In 2009, more than 3 billion tonnes of 
cement were produced around the world and concrete still holds its title for being the second most 
widely used material on the planet, with an increasing value on the consumption per capita (Feiz et 
al., 2014a, Xu et al.). Environmental impacts from these large production activities are extensive and 
just recently there have been an increased stakeholder awareness to engage in new sustainable 
industrial practices. Due to this situation, the cement industry has faced significant pressure and new 
challenges, as well as mandatory upgrades in processing technology (e.g. upgrade from wet to dry 
process) (Deja et al., 2010, Feiz et al., 2014a). Carbon dioxide emission is the most dominant 
environmental impact in the industry, producing an average of one tonne of carbon dioxide per 
tonne of cement produced (Chen et al., 2010, Ramezanianpour, 2014, Sales and Lima, 2010).  
A suitable solution has been found in the use of supplementary cementitious materials (SCM), also 
sometimes referred in literature as mineral admixtures (Dhir, 2006, WBCSD, 2001). These materials 
are used to replace clinker in cement or cement in concrete because they possess pozzolanic and 
cementitious properties and under certain conditions, are capable of enhancing concrete properties 
(Mehta, 1985). Their use is intended to prevent the emissions that would have been emitted by 
producing an equivalent quantity of clinker or cement. SCMs are generally industrial by-products or 
wastes and their utilisation supposes no additional emissions. Nevertheless, it has been reported 
that just a fraction of the total industrial wastes available can be used in SCM applications while the 
rest has been managed via traditional methods of disposal (ACI Committee, 2004, Dhir, 2006). This 
being said, enormous opportunities arise in environmental, social and economic areas, some which 
to this point seem to have been underestimated. Whilst other CO2 abatement technologies are also 
available, they often require significant investments and gradual implementations that companies 
are not always willing to perform (Benhelal et al., 2012b, Hasanbeigi et al., 2010, Morrow III et al., 
2014). Some authors have compared different strategies for CO2 abatement such as improving 
thermal and electrical efficiency and fossil fuel substitution (García-Gusano et al., 2015, Feiz et al., 
2014a). However, it has been reported that the use of supplementary materials for clinker 
replacement can reduce CO2 emissions up to 12% compared to the maximum 5% achieved by other 
strategies when a 10% of SCM is increased in the mix (García-Gusano et al., 2015). Moreover, García-
Gusano et al. (2015) reported that in average, other environmental impacts (impact categories) such 
as human toxicity and acidification are also reduced in 10% when a similar increase in SCM use 
occurs. 
In addition, outcomes are not limited to the profitability of industries but also could be extended to 
strengthen corporate responsibility in the management of environmental impacts. To the present 
time, fine ashes from coal-based power plants, more commonly referred as “fly ash” (FA) are the 
most well-known and important SCM (ACI Committee, 2004, Ahmaruzzaman, 2010). The production 
of fly ash has increased in direct relation to the worldwide increasing usage of coal in power plants, 
which have expanded their power generating capacity annually (Bhattacharjee and Kandpal, 2002, 
Helmuth, 1987). The United States and India have led the use of FA in SCM applications and have 
successfully developed national policies regarding their mandatory use (Bhattacharjee and Kandpal, 
2002). Despite these isolated achievements, only 50% (US) and 45% (India) of locally produced FAs 
are reported to have been consumed in 2011 as SCMs. This is mainly due to the FA unable to comply 
with the quality standards (Ahmaruzzaman, 2010). In order to promote and maximise utilisation of 
this unused fraction, some upgrading processes (UP) have been developed and tested, and results 
have been promising (Blanco et al., 2005, Hanne et al., 2006, Kumar et al., 2007). However, these 
processes have traditionally driven away the interest of producers and important stakeholders, 
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because they often involve investments whose benefits have not been fully understood and 
explored. Currently, more than 1000 million tonnes of fly ash are produced per year, whilst massive 
amounts are stored in ash ponds (Malhotra, 2008). Disposal of the material is costly and increasing 
the amount utilised in cement applications, is critical. At the same time, literature on upgrading 
processes and alternatives to maximise the use of unsuitable fly ash is limited, and more research is 
required on the field.  
Therefore, the current paper attempts not only to show the benefits of using fly ash, but also to 
highlight the fact that non-compliant fly ash may become useful material via re-processing that 
involves additional environmental impacts. The paper specifically aims to measure the net 
reductions of CO2 emissions when non-compliant FA is processed to make it suitable for cement 
applications via the upgrading process of fine and ultrafine grinding. These processes demand 
variable amounts of energy, consequently producing their own environmental impacts related to the 
generation of this energy. This is carried out by developing a system dynamics model to calculate the 
emissions and employs the comparison of five different life cycle scenarios. The results are 
particularly important because those are direct criteria for cement and concrete companies to 
measure and verify the environmental benefits of incorporating FAs into their products. Moreover, 
analyses such as the one presented here must be carried out with other potentially useful materials 
and at additional environmental dimensions. There are trade-offs that must be understood when 
increasing the use of FA in concrete applications, and these must be evaluated from multiple 
perspectives, which is one of the main purposes of this paper. 
2. Overview of supplementary cementitious materials 
Supplementary cementitious materials are used in cement and concrete applications because of 
their ability to become binding agents, hence replacing traditional binders like clinker (Khatri and 
Sirivivatnanon, 1995, Lothenbach et al., 2011, Toutanji et al., 2004). This is possible via two different 
ways: used in cement blends at the time of production (secondary blend); or mixed at the concrete 
batching site (tertiary blend) (Lothenbach et al., 2011).  SCMs can be classified in different ways, 
dependant on their binding properties (cementitious and pozzolanic), origin (industrial by-product, 
biomass, natural),  usage scale (large scale, prototype scale) or level of technological application 
(low-tech, high-tech).  Examples of SCMs are ground granulated blast furnace slag, fly ash, silica 
fume, rice husk ash and sugar cane bagasse ash (Bapat, 2012). Pozzolanic materials are well-known 
SCMs and their use has been documented throughout history; for example, large-scale projects in 
ancient Rome which made extensive use of natural pozzolans for infrastructure, monuments and 
housing.  
Modern use of SCMs can be tracked to the late 1940s when fly ash was used in various massive 
infrastructure dam projects in the US (Bapat, 2012). These events popularised their use and 
increased interest and research on the use of wastes from power stations. Slags also started to be 
gradually incorporated in cement blends in steel-producing countries like Japan and by the mid-
1970s many countries also increased the use of natural pozzolans (Mehta, 1985). In the years to 
come, silica fume, micro-silica and silicon-based materials have started to being used in high-tech, 
low scale applications. Eventually by the end of the decade of 1990, new biomass ashes from 
cogeneration processes also started to emerge as potential candidates to be used as SCMs, with 
Brazil and India taking the lead (Frías et al., 2007, Frías et al., 2011, Lothenbach et al., 2011). 
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3. Principles behind the use of fly ash as a supplementary cementitious material 
Fly ash is the fine fraction in the by-products of the combustion of coal in power plants. It represents 
an 80% of the total waste ashes, while the remaining 20% is comprised of bottom-ashes (Dhir, 2006, 
French et al., 2007, Helmuth, 1987). Fly ash is produced when flue gases are captured from coal 
combustion and are subject to removal of fine particles via filters. Modern techniques make use of 
electrostatic precipitators (ESPs) allowing the accumulation of fly ash in trays, which are later 
discharged into an intermediate disposal facility. Traditional disposal of FA is performed by 
producing a slurry and discharging it into land reservoirs, also known as “ash ponds” (James et al., 
1996). The particle size distribution of FAs ranges between 10 to 80 micrometres and usually has a 
chemical content rich in silicon, aluminium, some traces of iron and calcium and a minimum fraction 
of unburnt mineral carbon (Ahmaruzzaman, 2010). Mineral content is diverse and depends on the 
rock bed in which the coal was originally extracted (Madlool et al., 2011). The most common 
minerals are the glass phase (constituted by silicon), quartz, mullite as well as some found in 
portland cement (Foner et al., 1999). These latter are present because of calcium and silicon 
minerals present in coal being subject to high temperatures such as the ones also seen in clinker 
production.  Based on the contents of these minerals and according to the BS EN 450 European 
standard, FA can be classified as A, B or C depending on the loss on ignition value (European 
Commitee for Standardisation, 2008). In the United Stated, ASTM classifies fly ash in pozzolanic 
(Class F) and cementitious (Class C). Class F fly ashes react with added calcium oxides and water as 
pozzolans, and in most of the times, they require chemical activators. In the case of Class C fly ashes, 
these have a considerable amount of calcium carbonates which allow them to have cementitious 
properties without the addition of any activator. Whilst pozzolanic FA has high contents of the glass 
phase and low-values of calcium, cementitious FA has high values of free lime, various types of 
highly reactive minerals and lower content of silicon, aluminium and iron minerals. Both Class C and 
Class F of FA can be incorporated in secondary and tertiary blends because in both cases they 
perform in the mix as binding (pozzolanic) or reacting agents (cementitious) (Scheetz and Earle, 
1998).  
Properties of the concrete produced are also influenced by the presence of FA, occurring due to the 
physical, chemical and physicochemical interactions occurring in the mix (Bapat, 2012). Whilst some 
characteristics could be improved, others could be impacted negatively, requiring a precise design 
process of the blend to guarantee compliance with the standards (Khatri, 1995). Despite the 
possibility of negative effects, these are generally outweighed by the benefits and justify the use of 
the respective SCM. Other SCMs can be used as examples of the extent to which fly ash can be 
incorporated in cement production, providing further benefits. One of these examples is the one 
reported by Feiz et al. (2014a), which shows that 66% of CO2 emissions can be avoided when blast 
furnace slag replaces 80% of the clinker used to produce the baseline cement CEM I (95% clinker). 
On a long term basis, it is expected that there will be major improvements on blended cements due 
to increasing awareness on global warming issues, as well as a decrease on the use of ordinary 
portland cement and other energy-intensive cements (Huntzinger and Eatmon, 2009). Whilst other 
promissory technologies such as carbon capture and storage are still under development and about 
to be implemented in the medium-term, it is necessary to address that the use of SCM remains as 
the most competitive, feasible and efficient way of reducing CO2 emissions in the industry (Volkart 
et al., 2013). 
4. System analysis, benefits, use and upgrading of fly ash 
 
4.1. Systems thinking analysis 
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The use of FA in cement to avoid carbon emissions from the production of clinker should be 
considered from an integral and holistic perspective, in order to understand the real scope and the 
implications related. Some other studies have been performed from the perspective of systems 
thinking and system dynamics, although their number is limited (e.g. Ansari and Seifi (2013)).  
As presented in the causal loop diagram (Figure 1), the relationships at the macro-scale differ when 
more factors and variables are taken into consideration. As shown in the causal loop diagram, the 
use of SCMs has a positive relationship with the abatement of CO2 emissions (shown with the “+” 
sign in the arrow), but also increases the requirement for upgrading processes. These processes 
increase the CO2 emissions and return to influence the need to use SCMs. At the same time, an 
increase of emissions increases the probability of implementing taxes or trading schemes, which 
eventually become revenues for governments and states. These revenues can become directed to 
promote the use of SCMs by increasing research and development, which at the same time increase 
the level of technology achievement and the overall efficiency of processes. This has an inverse 
relationship (shown with the “-“ sign) reducing the embodied energy per mass of cement, decreasing 
relative emissions. 
 
  Figure 1 – Causal loop diagram to represent the dynamic relationship of elements within the macro-scale use of fly ash. 
Local economic growth is also enhanced by an increased cement production and perceived taxes 
from abatement efforts (e.g. carbon tax). This growing economy consequently boosts the 
construction sector and increases demand for construction materials (Ahmaruzzaman, 2010). 
Demand of cement is satisfied by producing more cement which would eventually generate 
additional CO2 emissions. As described above, an increase in emissions would result to an increase 
in reduction targets, increasing the mitigation costs and hence production costs. These are directly 
linked with cement price, causing a negative impact in cement demand. The reinforcing loop R4 
shows that an increased use of FA will require proper methods for handling, upgrading and transport 
hence creating a positive impact on CO2 emissions. At the same time, an increased use of FA 
increases efficiency and specific energy consumption, ultimately leading to less CO2 emissions. The 
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model presented in Section 5.2 attempts to simulate the competition between the loops B3 and R4, 
which represents the net difference between the emissions abatement and the emissions produced 
by the upgrading process. A negative result would indicate that the emissions produced in the UP 
surpass those which are being abated by replacing clinker.  
4.2. Carbon emission reduction benefits from the use of fly ash 
Cement production is an energy-intensive industry which mainly uses fossil fuels for thermal 
processes, in which temperatures go as high as 1400 degrees Celsius (Feiz et al., 2014a, Worrell et 
al., 2000). In addition, a considerable amount of CO2 is released during the process, which is a result 
of decomposition of calcium carbonate contained in limestone (Aıẗcin, 2000).  
The WBCSD (2009) in its Cement Roadmap 2009 outlines the possibility of four main strategies to 
decrease CO2 emissions from the production of cement. These strategies are, the substitution of 
clinker with SCM, improvements in energy efficiencies, incorporation of alternative fuels and capture 
of carbon emissions (Gäbel et al., 2004, García-Gusano et al., 2013). The use of FA aligns with the 
first strategy by replacing clinker in cement blends and hence avoiding the economic and 
environmental expenditures related. Despite new emerging technologies for heat recovery and to 
increase energy efficiency, clinker replacement with fly ash and other SCMs remains as the most 
feasible alternative to implement, also providing the highest ratio of reduction benefits (Yang et al., 
2014, Chen et al., 2010). Feiz et al. (2014b) describes clinker replacement as a measure to reduce 
CO2 emissions with medium feasibility but with high technological maturity and high improvement 
potential. In addition, there are expected improvements in energy use efficiencies and hence less 
emissions due to fossil fuels consumption, but calcination emissions will remain unchanged (Wang et 
al., 2013, García-Gusano et al., 2015). 
For the purpose of this paper, CO2 emissions are about to be considered to provide a concise 
comparison. For further reference on other LCA variables, Feiz et al. (2014a) analysed six indicators 
of environmental performance of cement production including clinker substitution rate, specific heat 
consumption and share of renewable electricity, amongst others. According to the world average 
value, 870 kilograms of CO2 are released into the atmosphere per tonne of CEM I reference cement 
(Flower and Sanjayan, 2007). World average values are used in this paper because it is intended to 
be a demonstrative measurement of the possible CO2 emission reductions that can be achieved. 
There are two main groups of CO2 emissions identified in cement production, a) emissions from 
quarry transport and non-clinker processes, which account approximately 260 kgCO2 per tonne of 
cement and b) emissions from thermal processes related to the decarbonisation and clinkering 
processes, which account an additional 610 kgCO2 per tonne of cement (Flower and Sanjayan, 
2007). Whilst the latter depends on the fraction of clinker in cement, the former constitutes a floor 
value for all types of cement regardless of their composition. Emissions in terms of clinker have been 
summarised comparatively by Benhelal et al. (2012a), ranging from 0.57 to 0.93 kgCO2 per tonne of 
clinker produced. Emissions factors due to any cement produced can be calculated as follows: 
ξ1 = ξβ + ξTh + ξCT  (1) 
Where:  
ξ1 = total emissions factor in reference cement, in kg of CO2 per tonne of cement 
ξβ = emissions factor due non-clinker processes, in kg of CO2 per tonne of cement 
ξTh = emissions factor due clinkering in reference cement, in kg of CO2 per tonne of cement 
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ξCT = emissions factor due cement transport, in kg of CO2 per tonne of cement 
When producing cement with FA, the equation adds the contribution of FA upgrading and subtracts 
the fraction of energy not used in thermal processes:  
ξ2 = ξβ + ξTh + ξCT + α ξFA – α ξTh    (2) 
Where:  
ξ2 = total emissions factor of cement containing FA, in kg of CO2 per tonne of cement 
ξFA = emissions factor due upgrading process, in kg of CO2 per tonne of cement 
α = fraction of clinker substitution with FA, in percentage 
Equation 3 allows the calculation of emissions related to FA cement, 
EFA = χ ξ2  (3) 
Where: 
EFA = emissions from producing FA cement, in tonnes of CO2 
χ = cement produced, in tonnes of cement 
 
Combining Equation 2 and Equation 3: 
EFA = χ (ξβ + ξTh + ξCT + α ξFA – α ξTh)  (4) 
 
The reductions can be calculated as the difference between the emissions produced by the same 
amount of reference cement and the calculated emissions using FA: 
RCO2 = ER - EFA   (5) 
Where: 
RCO2 = reductions in CO2 emissions due use of upgraded FA, in tonnes of CO2 
ER = emissions from the reference cement (CEM I), in tonnes of CO2 
Substituting with Equations 3 and 4: 
RCO2 = χ ξ1 - χ ξ2 
RCO2 = χ [ξβ + ξTh + ξCT – (ξβ + ξTh + ξCT + α ξFA – α ξTh)] 
RCO2 = χ (α ξTh - α ξFA) 
RCO2 = χ α (ξTh - ξFA)  (6) 
As shown above, reductions are a function of the variables α and ξFA which are also dependent on 
the amount of FA substitution and on the intensity of the upgrading process. 
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4.3. Constraints for the use of fly ash as supplementary cementitious material 
A group of constraints for the use of FA has been identified and summarised in Figure 2. For the 
purpose of the current study, there is an emphasis on the constraint that arises when FA is unable to 
meet the standard to replace clinker. Both standards ASTM C618 (used in US) and BS EN 450 (used in 
Europe) for coal ash and natural pozzolans, have detailed descriptions of the chemical and physical 
characteristics that must be met. Material not complying with the specifications is disposed in 
landfills or used in other applications. Additional constraints are shown in Figure 2, which 
summarises other important issues arising from technological, policy, social and market factors. 
Cement producers will often avoid the use of FA due to low quality control systems available, low 
predictability of material performance and due to initial investments (WBCSD, 2009). This could also 
be due to different sources of coal which create a wide range of chemical and mineral profiles of fly 
ashes, increasing their variability and decreasing the predictability needed to make it suitable for 
cement applications (Torrey, 1978). International and local standards have been designed in order to 
ensure proper performance of FA in blended cements, but performance is still considered from the 
perspective of traditional, non-FA cements (Helmuth, 1987). Performance of FA-based cements is 
still measured in terms of compression strengths under 28 days, values which have been repeatedly 
proven to be lower to those reported on non FA-based cements.  
Nevertheless, compressions strengths of FA-based cements at 90 days are considerably higher than 
those reported for non-FA ones, adding one significant long-term benefit to the use of FA in cement 
blends and concrete (Khatri and Sirivivatnanon, 1995). This is particularly important because 
traditional cement manufacturers can be biased by making their decisions based only on short-term 
data. Therefore, the availability of long-term performance data of cements containing FA is crucial 
for cement manufacturers to become informed about the potential economic and environmental 
benefits from incorporating FA into their cements. Moreover, the availability of suitable information 
would allow companies to make use of larger amounts of FA and generalise the use and 
commercialisation of FA-based cements. 
 
Figure 2 – Constraints for the generalised use of FA in cement. Reference: Helmuth (1987), ACI Committee (2004), Blanco 
et al. (2006a). 
Limited 
use of 
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Waste F  does 
not meet the 
standard 
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Communication between companies is found to be another barrier preventing the expansion of a 
wider use of FA (Ammenberg et al., 2014). Ammenberg et al. (2014) also underlines the relevance of 
creating industrial symbioses when the aim is to reduce CO2 emissions in the industry. Because of 
the nature of the industrial processes involved, cement industry has the versatility of trading 
multiple flows of material and energy from and to other industries that also seek collaborations.  
At a worldwide scale, portland cement represents more than 80% of the total cement produced, in 
spite of proven alternatives that carry additional economic benefits and less environmental burden. 
This demonstrates that the whole industry experiences a narrow perception on the outcomes 
derived from the use of FA making it difficult to migrate into a more suitable direction (Jug, 2007). 
Technical limitations such as concrete curing becomes a challenge when using FA cements. Reports 
indicate that long-term compression strengths are directly dependent on precise curing techniques 
of concretes containing FA (Helmuth, 1987, Mehta, 1985). Batching companies and individual users 
are often reluctant to incorporate these techniques, generally because these require additional time, 
resources and costs. 
 
 
4.4. Upgraded fly ash and upgrading processes of fly ash 
 
4.4.1. Upgraded fly ash  
Upgraded fly ash can be defined as the type of fly ash which has been re-processed via certain 
chemical or physical processes (upgrading processes) in order to comply with the quality standard 
for use in concrete. In the United States, ASTM has defined the C618 standard, whilst in Europe the 
standard for coal combustion products is the BS EN 450. Both standards have specific physical and 
chemical variables which have to be met by the material before being used in concrete applications. 
Fineness is reported to be the most important variable for which significant amounts of fly ash are 
discarded as non-compliant with the any of the standards (Blanco et al., 2006a). This is due to the 
fact that thermal processes and raw materials which produce FA are often variable and uncontrolled 
in power plants (Blanco et al., 2005, Aydın et al., 2010, Bouzoubaa et al., 1997). Given as an example, 
the physical properties of fly ash according to the ASTM standard C618 are shown in Table 1 (ASTM 
International, 2012).  
Table 1 – Physical properties of fly ash described by the standard ASTM C618. 
Class 
 
N / F / C 
Fineness 
 Amount retained when wet-sieved on 45 micron sieve, max% 34 
Strength activity index 
 With portland cement, at 7 days, min, percent of control 75 
With portland cement, at 28 days, min, percent of control 75 
 
4.4.2. Upgrading processes of fly ash 
These processes are needed to upgrade the properties of FA which can be used in cement 
applications (Bech and Feuerborn, 2011). Current upgrading processes (UP) of FA are limited and 
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have not been fully explored. As pointed out before, maximising the use of ashes decreases the 
amount of landfilled material and thus the environmental impacts associated with landfills (Cordeiro 
et al., 2008, LLC, 2011, Schneider et al., 2011). Very few processes have been developed even at 
prototype scale while the cost of technologies is still very high for feasible commercialisation. Some 
of the upgrading processes are outlined in Table 2. Valderrama et al. (2012) comments on the 
importance of considering impacts independently if these are originated from off-site generation of 
electricity or from pre-processing raw materials prior to their usage in cement blends. 
 
Figure 3 – Routes for waste FA to be used in applications or to be upgraded. 
This is also the case for upgrading processes, whose impacts from direct or indirect emissions have 
to be accounted. As mentioned in the previous subsection, fineness of fly ash is probably the most 
important and influential variable in upgrading and standardisation. Therefore, most currently 
available processes have been designed to increase FA fineness and to improve the granulometric 
curve (Bouzoubaa et al., 1997, Aydın et al., 2010). Whilst the collection and classification of ashes are 
common physical processes in the industry, fine and ultrafine grinding have just recently been 
considered as technological solutions to increase FA usage. Quality standards for FA in cement 
generally require a maximum of 30-35% retained in the 45 microns sieve, as previously shown in 
Table 1 by the ASTM standard C618 (Diedrick, 2008).  
Fine and ultrafine grinding are able to reduce particle size even below 10 microns, but at the 
expense of considerable amounts of energy. Current processes require about 0.75 GJ per tonne of 
material processed, and the initial investments are high, making it unattractive for potential 
investors and companies in the field (LLC, 2011). However, these technologies are prototypes and 
outputs are at pilot scale. Chinese and U.S. companies have ultra-grinding mills with daily outputs of 
100 tonnes. Electrostatic precipitators (ESP) are also used to obtain high quality fly ash, but the 
amount of recovered material is limited, and there is a substantial use of energy (Blanco et al., 
2006a). Power consumption of ESPs is between 0.01 kwh/m3 for small precipitators and 0.176 
kwh/m3 for large units. Research in re-combustion of FA has also increased recently, although many 
companies had already done it in the past to avoid the loss of calorific power which represented 
additional expenditures on fuels (Siddique and Iqbal Khan, 2011). This process consists in adding 
ashes to the coal mix when is pulverised. It has been shown that the amount of unburnt carbon in 
coal samples decreases considerably when mixing coal with ashes containing unburnt carbon (Csoke, 
2012). In addition, higher temperatures are achieved with less primary fuels, improving efficiency 
and reducing emissions. 
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Table 2 – Upgrading processes of fly ash currently used in the industry. 
Process Description 
Collection and classification of ashes Physical separation of ashes by particle size and 
ash quality. This allows high quality ashes to be 
used in high-tech applications (Helmuth, 1987). 
Fine and ultrafine grinding Grinding of FA increases higher surface areas 
therefore improves pozzolanic properties. (ACI 
Committee, 2004). 
Physical treatments Electrostatic precipitators are used to collect 
fine ashes and are usually part of the dust 
removal systems in power plants. Fly ash 
collected via ESP methods are mostly used in 
high performance cements although the 
quantity produced is low (Helmuth, 1987). 
Re-combustion Re-combustion is used to remove unburnt 
carbon that could result in detriment of the 
cementitious or pozzolanic properties of fly 
ashes. This is performed by using the ashes as 
part fuel in a secondary system that returns the 
heat recovered to the main system (ACI 
Committee, 2004). 
Chemical activation Consists of adding chemical activators which 
allow the FA to react as a cementitious or 
pozzolanic agent (Blanco et al., 2006b). 
 
5. Methods and simulations 
 
5.1. Material flow analysis in fly ash cement production 
Three types of cement  are analysed in the current study based on the European EN 197 standard for 
cement manufacturing (British Cement Association, 2004). Table 3 summarises them: 
Table 3 – Cement types analysed in the study. 
Cement type Characteristic 
CEM I 95% clinker, no clinker replacement 
CEM II A-V 6 – 20% clinker replacement with pozzolanic FA 
CEM II B-V 20 – 35% clinker replacement with pozzolanic FA 
 
A generic material flow analysis for these cements is shown in Figure 4 and includes inputs and 
outputs at each stage. Two different system boundaries are shown, SB1 and SB2. SB1 (right, soft 
discontinued line) covers the process with no upgrading of FA, accounting for standard flows of 
electricity, fuel and CO2. SB2 (inside thick discontinued line) includes transport and upgrading 
processes of FA, as an adaptation of the standard cement process (Ali et al., 2011, Energy 
Technology Systems Analysis Programme, 2010).  
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Figure 4 – Material flow analysis showing the two possible system boundaries, inputs, outputs and direction of flows. 
The CO2 emissions boundary is summarised in Table 4 accounting for each different emission 
source, from both SB1 and SB2. Non-clinker processes include extraction and quarrying, 
comminution, cement grinding, dispatch and transport. Clinker processes are grouped as “thermal 
processes” accounting for decarbonisation emissions, fuel use and electricity consumption by the 
kiln process. Upgrading processes are considered to have electrical consumption and no direct 
emissions. The transport of upgraded material is considered to consume fuel and have its own direct 
emissions. 
Table 4 – Input and output flows from the processes shown in Figure 3. 
Group CO2 flows (outputs) Electricity or fuel (inputs) 
Clinkering processes 2 F1 + E3 
Non-clinker processes 1 E1 + E2 + E4 + E5 + F2 
Transport 3 E6 
Upgrading processes 4 E7 
Transport of upgraded FA 5 F3 
 
5.2. System dynamics model 
A system dynamic model (Figure 5) was built using iThink (ISEE Systems, 2013). It comprises 5 stocks, 
5 flows and 14 converters. Both UP and non-UP scenarios are proposed in the model and simulations 
are performed on both cases.  
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Figure 5 – System dynamics model for calculating CO2 emissions and reductions in FA cements with and without upgrading 
processes.  
Formulas of flows and converters are the result from combining equations in Section 4.2 and the 
material flow analysis of Section 5.1. The formulas and initial values used in each of the stocks, flows 
and converters are shown in Table 5. Simulations and results are shown in Section 5.3. 
Table 5 – Definition of variables in the system dynamic model proposed. 
Stocks, flows and converters Formulas and initial values 
CO2 emissions from reference cement (CEM I) Initial value of 0 tonnes in stock 
CO2 emissions from FA cement with no UP (CEM 
II AV and CEM II BV) 
Initial value of 0 tonnes in stock 
CO2 emissions from FA cement with UP (CEM II 
AV and CEM II BV) 
Initial value of 0 tonnes in stock 
CO2 reductions from using FA cement with no UP Initial value of 0 tonnes in stock 
CO2 reductions from using FA cement with UP Initial value of 0 tonnes in stock 
CO2 emissions flow from reference cement (CEM 
I) 
(Emissions factor from transport + Emissions 
factor from clinkering) * Weekly production 
rate *  Time 
CO2 emissions flow from FA cement without UP 
(CEM II AV and CEM II BV) 
(Emissions factor from transport + Emissions 
factor from FA cement production) * Weekly 
production rate * Time 
CO2 emissions flow from FA cement with UP 
(CEM II AV and CEM II BV) 
(Emissions factor from FA cement production 
+ Emissions factor from transport) * Weekly 
production rate * Time + (Emissions factor UP 
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+ Emissions factor UP transport) * Fly ash 
mass * Time 
Net CO2 reductions flow from using FA cement 
with no UP 
CO2 emissions flow reference cement – CO2 
emissions flow without UP 
Net CO2 reductions flow from using FA cement 
with UP 
CO2 emissions flow reference cement – CO2 
emissions flow with UP 
Emissions factor clinkering (world average, based 
on the reference cement) 
0.87 tonneCO2/tonneCement 
Specific emissions factor from transport 0.000209 tonneCO2/tonneCement/km 
Distance of transport of cement 10 km 
Emissions factor from transport Distance of transport of cement * Specific 
emissions factor from transport 
Weekly production rate 35,000 tonneCement/week 
Fly ash mass Fly ash fraction * Weekly production rate 
Fly ash fraction 0.2 for CEM II AV /  0.35 for CEM II BV 
Emissions factor from FA cement production Emissions factor from non-clinker processes + 
Emissions factor from clinkering FA cement 
Emissions factor from clinkering FA cement 0.609 * (1 – Fly ash fraction) 
Emissions factor from non-clinker processes 0.261 tonneCO2/tonneCement 
Emissions factor UP transport 0.00418 tonneCO2/tonneFlyAsh 
Emissions factor from electricity 0.152 tonneCO2/GJ 
Specific energy consumption  
(Embodied energy of upgrading) 
Variable in the simulation 
Index of upgrading 0 for no upgrading, 1 for upgrading 
 
5.3. Simulation 
Five different life cycles are simulated for a plant producing CEM I, CEM II A-V and B-V cement at a 
daily rate of 5,000 tonnes, 365 days per year using an ultra-fine grinding to mechanically activate FA 
and maximise surface area. World average values of CO2 emissions factors are used in the 
simulations, based on data by Flower and Sanjayan (2007). Simulations are summarised in Table 6: 
 
Table 6 – Life cycles carried out in the simulation. 
Product Description 
CEM I 95% clinker composition, no clinker replacement. 
CEM II AV no UP 20% FA content, no upgrading process. 
CEM II AV with UP 20% FA content, with upgrading process. 
CEM II BV no UP 35% FA content, no upgrading process. 
CEM II BV with UP 35% FA content, with upgrading process. 
 
Cement compositions and standards are taken from British Cement Association (2004). Some 
assumptions are considered in the development of the model: 
a) Non-clinker processes are considered to have the same CO2 intensity, therefore the 
contribution is the same for all of the types of cements. 
b) Transport of cement is 10 km and transport of fly ash to the upgrading plant is 10 kilometres 
each way, making a total of 20 kilometres. Emissions factors are calculated as reported by 
O’Brien et al. (2009). 
c) Upgrading processes produce standard results on FA properties and no direct emissions. 
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d) Simulations are carried out using the maximum value of FA in CEM II AV and CEM II BV 
cements as defined by the standard, 20 and 35% respectively. 
 
5.3.1. Simulation 1: CO2 emissions due to production of CEM II AV 
Simulation 1 (Figure 6) accounts CO2 emissions related to the production of CEM II AV (FA 
substitution of 20% in cement blend) with and without FA upgrading process under the assumptions 
outlined before. Emissions from production of CEM I (curve 3) are also shown for comparative 
purposes. An upgrading process of 1.0 GJ/tonneFA is tested in the simulation.  
 
Figure 6 – Simulation of CO2 emissions due to production of CEM II AV over a year using non-upgraded (curve 1) and 
upgraded FA with embodied energy of 1.0 GJ/tonneFA (curve 2).  
The results in Figure 5 show that CEM II AV using non-upgraded FA (curve 1) will generate the lowest 
amount of emissions when compared to the upgraded process and the reference cement (CEM I). 
When an upgrading process of 1.0 GJ/tonneFA is incorporated, emissions increase as shown in curve 
2. A critical value of 3.98 GJ/tonneFA is found when the embodied energy of UP reaches values in 
which there is no saving, this is, when reaching curve 3. In this case, the upgrading process would be 
producing as much emissions as the ones avoided by replacing the clinker with FA. 
5.3.2. Simulation 2: CO2 emissions due production of CEM II BV 
Simulation 2 (Figure 7) accounts CO2 emissions related to the production of CEM II BV with and 
without FA upgrading process. Emissions from both upgraded and non-upgraded FA cements are 
lower because of the higher FA substitution in CEM II BV (35% of the mix). As in Simulation 1, an 
upgrading of 1.0 GJ/tonneFA is tested to evaluate emissions and compared with the reference 
cement.  
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Figure 7 – Simulation of CO2 emissions due production of CEM II BV over a year using non-upgraded (curve 1) and 
upgraded FA with embodied energy of 1.0 GJ/tonneFA (curve 2). Curve 3 is shown to compared emissions from CEM I 
production with 0% FA. 
5.3.3. Sensitivity analysis 
Figure 8 shows the sensitivity of net CO2 reductions from using upgraded FA in cement CEM II AV 
(FA = 20%) as a function of the embodied energy of the upgraded process. UPs between 0.01 and 4 
GJ/tonneFA were tested and show that at higher values of embodied energy, emissions savings are 
reduced. At a value of 3.89 GJ/tonneFA, no significant reductions are observed. 
 
Figure 8 – CO2 reductions in CEM II AV as a function of embodied energy of UPs between 0 and 4 GJ/tonneFA.  
Figure 8 shows sensitivity of reductions by using upgraded FA in cement CEM II BV (35% in FA 
substitution) by testing 8 different UPs with values between 0 and 4 GJ/tonneFA. As in Figure 7, 
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reductions decrease when the embodied energy. Above 3.89 GJ/tonneFA, no reductions are 
observed as shown in curve 8, 9 and 10.  
 
Figure 9 – CO2 reductions in CEM II BV as a function of embodied energy of UPs between 0 and 4 GJ/tonneFA.  
6. Discussion 
The simulations indicate that incorporating FA in cement produces CO2 emissions reductions in both 
ideal and upgraded material scenarios. As it was stated before, this is due to the clinker avoided in 
production when replacing with FA. According to Figure 5 and 6, reductions are maximum in ideal 
scenarios when no energy is used to upgrade FA. However, most of the world’s current production 
and stored fly ash has been shown to require upgrading processes in order to satisfy the quality 
standards of the cement industry (Blanco et al., 2006a). A UP of 1.0 GJ/tonneFA was included in both 
figures to compare the amount of emissions when the materials are subject to upgrading processes 
before they can be used to produce cement. An example of this energy usage can be found in most 
small-scale ultra-fine grinding mills, whereby due to their output, their efficiencies are significantly 
low compared to traditional ball or vertical mills. Mills with production rates between 1 and 20 tph 
operate at energy consumptions between 0.75 and 1.0 GJ/tonneFA, whilst new technologies are 
producing equipment with outputs of about 100 tph at 0.09 GJ/tonneFA (LLC, 2011). 
As shown in Simulation 1, the critical value is reached when the emissions of the UP applied are as 
much as the emissions avoided by replacing clinker with FA. In terms of environmental impacts and 
CO2 emissions, any value below 3.98 GJ/tonneFA would justify the use of an upgrading process. 
However, this would imply an increased expenditure of energy that would directly affect the 
economic feasibility of the processes. In the case of CEM II AV using a UP of 0.01 GJ/tonne, about 0.3 
million tonnes of CO2 are avoided after 12 months of production (Figure 7). When the embodied 
energy increases to 0.5 GJ/tonneFA, emissions after 12 months of production are of approximately 
0.275 million tonnes of CO2. When it reaches 2.23 GJ/tonneFA, the emissions reduced are of 0.135 
million tonnes of CO2 and at 3.30 GJ/tonneFA, emissions decrease to 0.06 million tonnes. Therefore 
it is necessary to focus on more efficient technologies in order to maximise reductions. Figures 8 and 
9 show that an embodied energy of 3.9 GJ/tonneFA produces reductions to decline (shown in curves 
8, 9 and 10). Nevertheless, total emissions are higher in Figure 9 because there is more FA to be 
processed when using CEM II BV (35% replacement) therefore, more energy consumption. These 
results are consistent with the scenarios reported by Gäbel and Tillman (2005). Nevertheless, 
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reductions from CEM II BV are higher than in CEM II AV because the ratio of replacement is higher. 
The authors also show that there are additional environmental benefits parallel to the reductions on 
CO2 emissions, such as reductions on NOx, SO2 and CO emissions (Gäbel and Tillman, 2005). In the 
case of the present study, it could be expected that these emissions would also decrease with the 
replacement of clinker, but also increase at some extent with the incorporation of the upgrading 
process. Additional environmental impacts can arise from the utilisation of fly ash, such as the 
increase in the fraction of particles below 2.5 micrometres (PM2.5) and changes in the physical-
chemical properties of blends and in the setting of concrete. Emission of dust and fine particles takes 
place when fly ash is potentially transported from the power station to the upgrading sites and back 
to the cement batching plant, with additional environmental risks (Borm, 1997). Mueller et al. (2013) 
reports that in average, 18 micrograms of dust emissions per tonne of dry fly ash are released into 
the air when it is transported and unloaded from trucks. Variations in chemistry, chemical and 
physical resistance and other critical variables from upgraded FA cements can also suffer from 
variations, but this needs to be addressed in further research projects. An expression can be 
obtained to correlate percent savings with the embodied energy, presented in equation 7: 
Percent savings = 99.31 -24.96 *Embodied energy (7) 
Figure 10 is presented below to summarise the data obtained from previous sections and compare 
the different scenarios possible. Emissions from CEM I are compared against emissions from CEM II 
AV and CEM II BV with and without UPs. An additional column is included to show emissions when 
the UP has an embodied energy of 1.0 GJ/tonne FA. Maximum values of embodied emissions which 
generate no reductions are 0.121 and 0.212 for CEM II AV and CEM II BV respectively when the 
embodied energy of the UP is 3.9 GJ/tonneFA. Emissions of FA transport to the upgrading plant and 
transport of cement to the batching site are also included in the total of non-clinker processes, 
whilst as mentioned before, emissions from clinkering account for decarbonisation and consumption 
of fuel during this stage.  
 
Figure 10 – Comparative chart of the embodied emissions of different cements when UPs are applied. 
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7. Conclusions 
The benefits of using FA as a replacement for clinker in cement production have been demonstrated 
in several studies and research. Maximising its use seems an acceptable and feasible path to lead the 
industry into a more sustainable direction. As discussed in previous sections, a considerable 
reduction of CO2 emissions can be produced when UPs improve the quality of FA under certain 
conditions. When the energy required to modify FA is above 3.98 GJ/tonne, emissions generated in 
the upgrading process surpass the savings produced by the replacement of clinker. Considering that 
there are technologies available for upgrading which perform at maximum values of 1 GJ/tonneFA, it 
is necessary to encourage stakeholders to make use of these options, which have been shown to 
produce savings in CO2 emissions. In future research, it is also necessary to address other important 
obstacles for which upgrading processes haven’t been widely used and commercialised, considering 
the significant benefits associated with them. It is also necessary to emphasise that whilst other, 
more efficient technologies for reducing CO2 emissions have been partially developed, use of SCMs 
is highly viable alternative and should be maximised. Nevertheless, this paper can be considered the 
initial point for further research on the topic of upgrading other materials to be used as SCM, in 
which economic, social and other environmental dimensions can be considered. 
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Highlights 
 
• We developed a computer model to calculate CO2 emissions from an ultra-
fine grinding process to upgrade fly ash. 
• Current upgrading of fly ash with ultra-fine grinding processes produces net 
CO2 emission reductions when fly ash is used as a supplementary 
cementitious material. 
• Upgrading processes with specific energy consumption under 3.98 
GJ/tonne of fly ash can produce CO2 reductions. 
• Emission reduction benefits increase when upgrading technologies become 
more efficient. 
 
 
